Background Patients with inflammatory bowel disease have higher incidence of airway hyperresponsiveness compared to the general population. Lung inflammation leading to airway hyperresponsiveness causes illnesses for more than ten percent of the population in USA. Aims We investigated the lung response to bacterial endotoxin in colitic mice. Methods Rag-1 mice were transplanted with negatively selected splenic T cells. Some mice groups were treated with NSAID to develop colitis. All mice were treated with bacterial endotoxin and necropsied 3 weeks later. Results Colitic mice developed intensified lung inflammation on day 21 of treatment with bacterial endotoxin. Pulmonary lymphocytes from colitic mice displayed a proinflammatory cytokine profile, expressed high ICAM1 and low FoxP3. CD11c
Introduction
Extra-intestinal manifestations occur in inflammatory bowel disease. Patients with inflammatory bowel disease (IBD) have significantly increased prevalence of asthma, bronchitis, arthritis, and psoriasis. IBD-related airway diseases are the second most common chronic inflammatory disease assessed in patients with IBD [1] [2] [3] [4] .
According to the most recent estimates by the Centers for Disease Control and Prevention, there are more than 25 million people nationwide diagnosed with asthma [5] . Multiple etiologies are known to elicit asthma episodes. Lung inflammation leading to airway hyperresponsiveness in more than 60% of patients is caused by allergic response to a wide range of heterologous substances delivered through respiratory, digestive or even by skin contact [6, 7] .
The epithelial lining of the colon and lungs have similarities that may allow the same disease state to affect both sites [1] . Common airway inflammatory changes have been thought to represent the same type of inflammatory changes that occur in the bowel [2, 3] .
It has been suggested that skin and eye complications occur as a consequence of the recruitment of activated effector cells released from the gut into the circulation to extra-intestinal sites where they cause acute damage [4] .
Expression of homing receptors determines the destination of lymphocytes to the gut, lungs, or skin. Lymphocyte recirculation in colitis may result in localized inflammation of other organs. Salmi et al. [8] showed that gut-derived lymphocytes can bind to synovial vessels, associated with joint inflammation. Defining the atypical parameters of the lymphocytes in colitis leading to exacerbation of lung inflammation is necessary to advance the therapeutic potential of a treatment strategy [9] .
Different proinflammatory patterns are expressed in asthma. IL4, IgE, and IL5 prevail in eosinophilic inflammation [10] . On the other hand, IFNγ and IL12 prevail in neutrophilic inflammation. IL17 production associated with lung inflammation has been reported.
Some proinflammatory cytokine patterns can exclude each other. Choy et al. published data indicating that Th2 and Th17 were reciprocally regulated in asthma [11] .
Lung inflammation can be identified by immunophenotyping of macrophages. Asthmatic patients show signs of alternative activation of macrophages associated with high IgE and degranulation of mast cells and eosinophils [10] .
Multiple types of thymic (natural) and blood (induced) regulatory cells exist in lung inflammation and play a role in controlling the inflammatory response [12] . Helminth treatment used to expand regulatory T cells to control lung inflammation has shown efficacy in improving asthma [13] [14] [15] .
The current literature contains numerous animal models used in IBD research [16] [17] [18] [19] [20] [21] [22] [23] . We selected the Rag-1 reconstitution model of NSAID-induced colitis that gave us the opportunity to identify the immunocompetent entity causing the pathological finding and to answer questions regarding the mechanisms of initiation and resolution. Cell labeling for tracking lymphocytes pathways becomes more feasible in the Rag-1 mice since they lack functional T and B lymphocytes.
In this report, we presented data supporting our hypothesis that intestinal inflammation intensifies lung response to bacterial endotoxin.
Materials and Methods

Mouse Model
Female Rag-1 mice of C57Bl/6 background were reconstituted with negatively selected splenic T cells from the same gender and background from The Jackson Laboratory, Bar Harbor, ME. To induce colitis, three independent groups of five mice each of reconstituted Rag-1 mice were treated with the NSAID, Piroxicam SIGMA P-5654; 65 mg/250 g mixed into their ground feed NIH-31 diet 7013 from Harlan, WI., USA, for the first and second weeks. Mice were then placed on normal rodent chow without piroxicam for two more weeks before experiments. Control (non-colitic mice) groups with equal numbers were given ground feed without piroxicam. To grade intestinal inflammation, colons were removed, Swiss-rolled, fixed, sent to histology to prepare slides and stain them with H&E.
The inflammation was scored from 0 to 4 using criteria described elsewhere [13] .
Mice used in our experiments developed grade-4 colitis, lost weight, and had bloody diarrhea resembling the human ulcerative colitis.
Cell Transfer
Negatively selected T cells were isolated from dispersed spleen cells using Pan T cell separation cocktail antibodies to coat then sheep anti-rat IgG-coated micro-beads (DYNAL BIOTECH) to separate non-T cells according to manufacturer's specifications. Purified T cells adjusted to 5 × 10 6 cells/ml of PBS were injected intraperitoneally, 1 ml into each Rag-1 recipient mouse. Half the reconstituted mice were treated with NSAID for 2 weeks to induce colitis, and both groups entered the murine asthma model phase to induce lung inflammation.
Induction of Lung Inflammation in Colitic and Non-colitic Mice
Lung inflammation was induced in non-colitic and colitic Rag-1 in sets of five mice by two intraperitoneal (IP) injections followed by four intranasal (IN) instillations of lipopolysaccharide (LPS) extracted from E. coli (SIGMA, L-2637). LPS used for IP injections at 10 µg per mouse in 0.5 ml alum solution (1 mg/ml) on days zero and seven. Intranasal instillation started at second week of NSAID treatment on days 14, 15 and 19, 20 of starting the experiment. LPS was used at 10 µg in 50 µl sterile saline per 1 3 mouse. Mice were necropsied on day 21 of starting the LPS treatment (Fig. 2a) . Lung inflammation in colitic mice was given a score of 3.3 ± 0.2 on scale 4.0 based on lymphocytes infiltration and fibrosis found around the bronchioles.
Preparation of Intestinal Lamina Propria Mononuclear Cells (LPL)
Intestinal tissues (colons) were washed extensively with calcium-and magnesium-free HBSS and LPL isolated as described before [14] . Cells were counted and viability was 90% as determined by trypan blue exclusion.
Single-Cell Preparations from the Lungs
Following euthanasia, lungs were collected from groups of five mice and cells were dispersed by exposing the sliced lung tissue to suction and expulsion cycles through a 1-ml syringe. Dispersed cells were passed through cell strainer, counted and viability taken by trypan blue exclusion dye.
Cell Cultures
For cytokine analysis, cells were adjusted to 5 × 10 6 cells/ ml in RPMI 1640 containing 10% FCS, 25 mM HEPES buffer, 2 mM l-glutamine, 2β-ME, 1 mM sodium pyruvate, 100 U/ml penicillin, 5 mg/ml gentamicin, and 100 mg/ml streptomycin. Cell suspensions were dispensed at 200 μl into 96-well microtiter plates (Corning Glass). Cultures were incubated at 37 °C for 48 h. Lamina propria lymphocytes were cultured alone or with 1 mg/ml adherent anti-CD3 and anti-CD28 antibodies prepared from 2C11 and PV1 hybridomas purchased from American Type Culture Collection. Some cultures were stimulated with soluble anti-CD3, LPS, and HP antigen extracts.
Murine Exposure to Helminth
Mice were housed and handled according to National Institutes of Health guidelines and as approved by our Institutional Animal Care and Use Committee. Mice were bred on site in specific pathogen-free animal facilities. At 6 weeks of age, mice were colonized with 150 third-stage infective ensheathed larvae (L3) of H. polygyrus (US National Helminthological Collection No. 81930) by oral gavage.
Preparation of H. polygyrus Adult Worm Antigens
Adult H. polygyrus worm antigens were prepared with a modification from Robinson et al. 1994 . Worms were removed from the intestines of 2 weeks colonized mice by scrubbing the dissected duodenum and washed thoroughly in PBS with antibiotics. The washed worms were centrifuged gently at 5×g for five minutes, and the supernatant was carefully decanted. The pellet was freeze-dried overnight and kept at − 80 °C until used. At time of use, 1 g of pooled worm pellets was vortexed in 10 ml of PBS for 5 min and the tube was centrifuged at 300×g for 5 min. Supernatant of the extract was sterile-filtered through low protein-binding, 0.2-µm syringe tip filtration units. Protein content was estimated and adjusted to 1 mg/ml by using a protein measurement kit from BIORAD, CA, USA. The filtered supernatant was dispensed into 1 ml aliquots and stored at − 80 °C until used.
Biotinylation of Antigen Extracts
Two tubes of the 1 ml adult worm antigen extract were adjusted to 1 mg/ml of protein and dialyzed in 0.1 M sodium bicarbonate buffer pH 8.4 for 4 h with two changes of buffer. 200 μl of filtered biotinyl-N-hydroxy-succinimide ester (SIGMA # H1759) 1 mg/ml solution in DMSO were added, and tubes rocked on a platform for 4 h at room temperature and then dialyzed extensively with multiple changes against PBS. The biotinylated antigen was dispensed into single-use aliquots and stored at − 80 °C.
Cytokine ELISA's
IL17 was measured by using a sandwich ELISA described before [18, 19] . For IFNγ ELISA, we used the XMG 1.2 monoclonal antibody to coat the wells and HB170-biotin for detection (both from ATCC) in the same protocol, and for IL4 we used 11B11 to coat and BVD6-biotin to detect. Corresponding antibodies for IL10 and IL12 were determined by kits from R&D systems and used according to manufacturer's directions.
Flow Cytometry
Monoclonal antibodies used in flow cytometry to stain the surface receptors included CD4 (Clone GK1.5), CD8 (Clone 53-6.7), CD11c (Clone N418), FoxP3 (Clone FJK-16s), CTLA4 (Clone UC10), ICAM-1(Clone YN1), TLR4 (Clone UT41), and α4β7 integrin (Clone DATK32) with the appropriate fluorochrome were purchased from BD-Pharmingen, e-Bioscience, or R&D systems as needed. Intra-cytoplasmic staining of IL17, IL4, IL12(P40), and IFN γ in CD4 + and CD8 + T cells and monocytes was performed according to manufacturer's instructions. MLN cells were stimulated overnight with phorbol myristate acetate (PMA) at 1:100 dilution of 1 mg/ml DMSO stock solution and ionomycin (1 μg/ml) both from SIGMA, St. Louis, MO. Golgi-Stop is used at 4 μl in 6 ml culture, BD cat # 554715.
Staining of surface receptors and cytokines was done in parallel with irrelevant isotype control antibodies to ensure specificity. Cell acquisition was done by a FACScan flow cytometer, and analysis used Flow-Jo software in the flow cytometry core facility at the University of Iowa.
Statistical Analysis
Data are expressed as mean ± SE of multiple measurements. A minimum of three experiments were done to test every hypothesis. Statistically significant differences between groups were determined by using the Student's t-test and ANOVA. Values of p < 0.05 or less were considered significant.
Results
Histopathological Examination of Lung Inflammation in Colitic Mice
In our model of colitis, we induced colon inflammation in Rag-1 mice reconstituted with normal T cells, by treatment with NSAID in ground feed as described in Fig. 1a . Mice developed transmural inflammation with massive lymphocyte infiltration and disrupted epithelium allowing a direct contact between the gut immunocytes and intestinal contents, Fig. 1b) . The inflamed colons in colitic mice were given a score of 3.6 ± 0.4 on the basis of the transmural inflammation, and thickening of mucosal, submucosal, and muscular layers associated with massive lymphocyte infiltration and depleted goblet cells. The crypts of Lieberkuhn were reduced with remarkable structural disruption of the villi layer [13, 14] .
Exposure of colitic mice to LPS, as shown in Fig. 2a , intensified the lung inflammation as compared to noncolitic mice with the same treatment. Lymphocytes infiltrated the lung tissue associated with fibrosis around the bronchioles evident in histology slides. Figure 2b shows the pathological findings at different powers of magnification including large areas of the lungs showing massive lymphocytes infiltration in first and second pictures (100×), the tissue inflammation around bronchioles in the third picture (200×), and the granulocytic infiltration in the lower picture (400×). Development of lung inflammation at such a high frequency in colitic mice (Fig. 2c) indicated that the intensified lung inflammation secondary to intestinal inflammation is underestimated. 
Cytokine Profile of Colon and Lung Lymphocytes from Colitic and Non-colitic Mice
Lymphocytes from the lungs of colitic mice were skewed toward a proinflammatory response. Lung lymphocytes stimulated in vitro with anti-CD3 expressed a proinflammatory cytokine profile replicating that found in the inflamed intestine shown in Fig. 3a, b , with the exception of IL4 which reflects the lung-specific response.
Higher CD4 + with lower CD8 + T cells and higher CD11c + , CD8 + subpopulations in the lungs of colitic mice were detected by flow cytometry (Fig. 3c) . After LPS exposure, CD4
+ lymphocytes from lungs of colitic mice expressed a proinflammatory response with more IFN-γ effector cells in colitic mice compared to non-colitic mice and fewer IL10 + regulatory cells in colitic mice compared to non-colitic mice ( Table 1) .
Expression of Regulatory Versus Inflammatory Markers on Lung Lymphocytes
Flow cytometry analysis of lymphocytes isolated from the lung tissue indicated fewer pulmonary lymphocytes expressing the regulatory marker FoxP3 in colitic mice compared to non-colitic mice (1.0 ± 0.2 vs. 4.6 ± 0.4, P < 0.05), associated with the elevated ICAM1 expression in lungs from colitic mice, 5.5 ± 0.4 versus non-colitic mice, 3.0 ± 0.1, P < 0.05 (Fig. 4) . ICAM1 is a strong proinflammatory indicator usually associated with IFNγ production at sites of inflammation. Its expression is a strong indicator of inflammation [24] .
Migration of Lymphocytes from the Gut to the Lungs
In order to address the migration of inflammatory lymphocytes from the intestine to the lungs, we had to prove first that they can home in the lungs. We separated LPL from colitic mice and injected them intraperitoneally into untreated Rag-1 mice lacking functional T and B lymphocytes. After inducing colitis, we examined the lungs for the presence of CD4 + and CD8 + cells. We found that lung cells preparations contained CD4 + and CD8 + lymphocytes (Fig. 5a ). These lymphocytes originated from the colon LPL homed in the lungs as well as the colon indicating inflammatory lymphocytes circulation between the peritoneal cavity and the gut as well as the lungs and provide evidence of mishoming of these colonoriginated inflammatory lymphocytes into organs other than the colon.
Next, we examined the lungs of colitic mice for the presence of cells with antigen-presenting capability. We asked if these accessory cells can bind antigens found exclusively in the gut. We prepared biotinylated antigens from the mouse non-systemic, enteric helminth H. polygyrus. We treated lung lymphocytes from colitic and non-colitic mice with the biotinylated antigens and used streptavidin conjugated with a fluorochrome to visualize the cells binding these antigens.
CD11c
+ cells expressing CD8 are antigen-presenting cells with ability to migrate between different organs. We used flow cytometry analysis of cells from CD11c + , CD8
+ gate to see their ability to bind the gut-localized helminth antigens. Comparing lung dendritic cells from colitic and non-colitic mice indicated that lungs from colitic mice had a threefold increase in CD11c + , CD8
+ cells capable of binding antigens from the gut microbiome, as shown in Fig. 5b .
Finally, we asked if the lung lymphocytes from colitic mice pre-exposed to HP are capable of responding to the HP antigens in vitro. In Fig. 5c , lymphocytes from the lungs were responsive to HP antigens nearly as much as the MLN cells. 
Lung CD11c + Cells Binding Gut-Localized Antigens Express More TLR4 in Colitic Mice
We analyzed CD11c + cells from lungs of colitic mice for expression of TLR4 and compared that to their counterparts in non-colitic mice. CD11c + cells from colitic mice expressed TLR4 twice as much as those from non-colitic mice. This finding proved that these cells can initiate innate immune response by responding to LPS in addition to the adaptive response they can mediate through antigen presentation. This experiment was repeated three times with the same result, as shown in Fig. 6 .
Discussion
Recent epidemiologic data have indicated extra-intestinal manifestations in inflammatory bowel disease including the lungs. Lung inflammation can be associated with or may occur later than the flare-up times of the intestinal disorder [2] . In this report, we studied lung injury secondary to colitis in mice and revealed novel inflammatory pathways important for developing new strategies to treat this syndrome.
Histopathological examination of the lungs from colitic mice showed extensive lung inflammation with thickening of the airways and massive lymphocyte infiltration as compared to non-colitic mice. Inflammation of the airways induces narrowing of the bronchioles and reduces the airflow that contributes to asthma.
The cytokine profiles in the colons from colitic and noncolitic mice were mimicked by their lung lymphocytes counterparts with the only exception of high level of IL4 which may indicate a Th2 adding to the Th1 cytokine profile that allows switching in antibody isotype to IgE typically seen in asthmatic subjects. Lung inflammation can be identified by immunophenotyping of macrophages. Asthmatic patients show signs of alternative activation of macrophages associated with high IgE and degranulation of mast cells and eosinophils [26] . Our data indicated a robust production of IL4 by lung lymphocytes from colitic mice which may imply a trend of these mice to become asthmatic through switching to the Th2 response. as the histology sections demonstrated in Fig. 2b . Production of both Th1 and Th2 cytokines is indicative of heterologous stimulation of classic M1 as well as alternative M2 pathways by macrophages in our model. Heterologous subpopulations of pulmonary macrophages activated through the alternative pathway were shown to contribute to both the induction and resolution of acute lung inflammation in a mouse model of murine pneumonia [31] . In our model of lung injury, macrophages from both classic and alternative activation were expected as we determined that the cytokine profile included Th1, Th2, and Th17. Similarities in the cytokine profiles in the colon and lungs may hint to migration of inflammatory cells from the colon to the lungs. In order to confirm this, we transplanted LPL from inflamed colons into Rag-1 mice lacking functional T and B lymphocytes.
We could detect CD4 + and CD8 + T cell populations in the lungs from these mice post-colitis development. Lymphocytes from the lungs of colitic mice exposed to H. polygyrus responded to purified worm antigens by producing levels of IL17 comparable to those made by the gut-associated mesenteric lymph nodes (Fig. 5c ). These T cells expressed a proinflammatory trend, indicating that they did not change their phenotype during recirculation or by changing the organ of residence.
We analyzed the peripheral blood lymphocytes from mice exposed to the helminth by stimulating them with the same antigens and found no response in cytokine production; however, they responded to stimulation with anti-CD3, indicating the non-systemic nature of H. polygyrus infection (unpublished data).
Flow cytometry data indicated suppressed expression of FoxP3 regulatory marker associated with enhanced expression of ICAM1. We do not know if this is a cause-and-effect relationship. However, the enhanced expression of ICAM1 indicates a proinflammatory trend usually associated with recruiting inflammatory lymphocytes producing TNFα and IFN-γ as well as mast cells and promoting type I hypersensitivity reaction [5, 24] .
Studies on the mice early embryonic development showed that the lungs and trachea arise from the anterior foregut endoderm that generates the respiratory system, esophagus, thyroid, and liver, suggesting yet unidentified pathways for circulation between the intestine and the lungs [25] . Because inflammatory lymphocytes recirculating from the gut mucosal tissue of colitic mice (e.g., from the lamina propria) to the lung mucosa are exposed to normal gut flora, we hypothesize that these primed lymphocytes are capable of modifying the lung response to challenge by airborne contaminants like the bacterial endotoxin.
α4β7 is an important gut-homing receptor [25] . Its expression on lymphocytes from the intestine is indicative of binding to MadCAM-1 expressed on endothelium in the (Fig. 6a) . Lung lymphocytes from colitic and noncolitic mice were incubated with biotinylated helminth antigens, and flow analysis was done for CD11c + , CD8 + DP gate for binding of the biotinylated antigens (Fig. 6b) . In vitro IL17 production by lung lymphocytes and MLN from colitic mice in response to HP antigens (Fig. 6c) . The figures are representative of three independent experiments intestinal vasculature. Our finding is that in the mouse model of transfer colitis, effector lymphocytes (lacking CTLA4) from the intraepithelial lymphocytes (IEL) have suppressed levels of the gut-homing receptor α4β7 compared to their counterparts from non-colitic mice (unpublished data). This important finding may result in longer circulation time for these lymphocytes which may increase their chance in homing to other organs where they can promote inflammation. This dysfunctional immune cell homing mechanism could be one of the pathways underlying the pulmonary pathology post-colitis development [26, 27] .
Meenan et al., in 1997, indicated expression of α4β7 on CD4 + , CD45RO + in patients with colonic inflammation but not activated CD4 + , CD25 + cells [28] . Suppressed α4β7 expression on lymphocytes with non-regulatory function implied that these cells are migratory with proinflammatory nature, as data from Figs. 3 and 4 suggest.
Tissue-resident dendritic cells (DC) imprint naïve T cells homing to the tissue of their residence [29] . Accordingly, DC from the gut will make naïve T cells more favorably home to the gut [30] , and so it is with the lung DC. However, this may not apply in colitic mice, since we detected inflammatory lymphocytes from LP homing in the lungs.
The disrupted epithelial integrity in colitic mice may result in sensitized lamina propria lymphocytes as they expose to antigens from the intestinal microbiota. We found that CD11c + , CD8 + cells from the lungs of colitic mice are more capable of binding gut-localized antigens compared to non-colitic mice. The presence of antigen-presenting cells sensitized to gut antigens in the lungs makes inflammatory response more favorable. Furthermore, these cells may contribute to mobilization of gut antigens to the lungs when they recirculate. Also, the high expression of TLR4 on CD11c + cells from the lungs of colitic mice promotes the innate response to LPS. These factors combined raise the risk of exacerbating the lung inflammatory response to antigens localized in the gut and may translate into the higher prevalence of lung inflammation among colitic subjects. 
